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A B S T R A C T
Mangroves are critical inter-tidal ecosystems with high productivity and ecological significance. Afforestation
was regarded as one of the key projects worldwide in recovering mangrove ecosystem function. Laguncularia
racemosa, a non-native mangroves species in China has been used in mangrove afforestation, while its inva-
siveness is widely concerned. Understanding how it tolerates shade and salinity stresses is crucial as these factors
can affect its invasive potential. However, the effects of soil salinity and light on mangroves (especially on non-
native species) are ambiguous. We examined the combined effects of salinity and light on the growth and
physiological responses of L. racemosa and predicted an extensive range of dispersal habitats for L. racemosa in a
typical estuary using Kriging model. The field surveys showed that the seedling density and seedling height were
positively correlated with light availability but negatively correlated with salinity. Our greenhouse experiment
also demonstrated that moderate shading (60–80% PAR) and low salinity treatments (0–10 psu) enhanced the
survival and growth of seedlings, whereas high salinity limited their assimilation rates (A), independent of the
light levels. Under high salinity (30 psu) and low light level (20%), L. racemosa seedlings employed a water-
saving strategy (248.96 ± 24.27 µmol·mmol−1 in instantaneous water use efficiency), which helped them to
improve their adaptability to stressful environmental conditions and maintain their growth. Our findings in-
dicate the combined effects of salinity and light on the growth strategies of L. racemosa as well as its environ-
mental tolerance to high salinity which limits its growth and survival in coastal ecosystems. These results can
provide a reference for the management of non-native mangrove species in China and worldwide.
1. Introduction
Mangroves are important intertidal ecosystems along tropical and
subtropical coastlines. Each mangrove species occupies different tidal
locations along the shore according to its tolerance to environmental
stresses such as salinity, flooding, and hypoxia which are determined by
tidal inundation (Duke, 2017). The tidal inundation gradients within
many estuaries create contrasting low- and high-salinity habitats for
mangrove species (Clarke and Hannon, 1970). Growth and physiolo-
gical responses to salinity gradients vary among species and ultimately
affect the range and abundance of mangrove species (Ball, 1988b; Ball
and Pidsley, 1995; Cardona-Olarte et al., 2006; Krauss and Ball, 2013;
Barik et al., 2018).
Light gradients are also important factors in the ecosystem
(Leperlier et al., 2018), especially in mangrove communities. Forest
gaps (formed because of fallen of mature trees) and the edge of forests
along tidal creeks create combined stress levels of light and salinity
(Feller et al., 1999). Previous studies proposed that halophytes in-
habiting the intertidal zone were shade-intolerant, which explains why
mangrove forests lack understory layers and only a few species can
mature and reproduce beneath closed canopies (Janzen, 1985; Krauss
and Allen, 2003; Lugo, 2009). In shaded environments, relatively
higher metabolic costs of mangrove plants to tolerate shade can pre-
clude morphological and physiological evolution by affecting their
survival (Jiménez, 1984).
Studies on the biochemical and molecular mechanisms of mangrove
plants suggest that high salinity can cause at least two disadvantages in
photosynthesis, namely, high leaf water loss and low stomatal con-
ductance (Teakle and Tyerman, 2010; Bompy et al., 2014; Peel et al.,
2017). Moreover, several studies have shown that the combination of
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salinity and light induce synergistic impacts on the seedling survivor-
ship and growth, as well as on the growth and gas exchange in mature
plants (Krauss and Allen, 2003; López-Hoffman et al., 2007). These
studies were mainly based on greenhouse experiments, while their ex-
trapolation to real field conditions is vague. Moreover, the combined
effect of light and salinity on mangrove species is still little known
(López-Hoffman et al., 2007; Dangremond et al., 2015).
The seedling stage is the most vulnerable phase in plant life history,
as the external environmental conditions are crucial at this stage and
affect seedling mortality (Lambers et al., 2008; Riascos et al., 2018).
The variation in seedling demography is a major driver in forest dy-
namics and structure (Krauss et al., 2008). As a pioneer species, L. ra-
cemosa in the native habitat of French Guiana could totally colonize a
mud bank within 2–3 years, although Avicennia germinans had sig-
nificant advantage leading to the removal of them after growing into
adult stands (Fromard et al., 1998). In addition, the occurrence and
early growth of non-native plants under particular habitats, as well as
plant responses to changing environmental conditions (e.g., phenotypic
plasticity; Richards et al., 2006), contribute to their invasive potential
(Rey and Alcántara, 2000).
Stressful environments including salinity, drought, and light cause
alterations in physiological processes in plants, such as the assimilation
rate (A, μmol·m−2·s−1) and transpiration rate (E, mmol·m−2·s−1)
(Ashraf and Harris, 2013). A is extremely sensitive to light intensity and
salt at all life stages of plants (Demmig-Adams and Adams, 1992; Yang
et al., 2011). Instantaneous water use efficiency (WUE) has a profound
impact on the carbon and water cycle of plants (Yang et al., 2016).
Moreover,WUE is closely related to external environmental conditions,
such as light and salinity (Chen et al., 2008). Salinity greatly limits the
water absorption in mangroves (Clough, 1984). To keep the survival
rate, plants can take a conservative leaf-level water use and low pho-
tosynthetic rates at high salinity (Ball and Farquhar, 1984; Ball, 1988b;
Pezeshki et al., 1990).
Laguncularia racemosa is naturally distributed in the Atlantic East
Pacific (AEP) regions, which was introduced to Hainan, China from the
west coast of Mexico in 1999 (Liao et al., 2006). Since its introduction
to China, L. racemosa is widely used for mangrove afforestation projects
for twenty years. The effects of environments on L. racemosa were ex-
amined in different aspects. Earlier studies emphasized on the effect of
salinity (Jiménez and Soto, 1985), light or nutrient (Rodriguez-
Rodriguez et al., 2018), hydroperiod (Cardona-Olarte et al., 2006) on
the performances of L. racemosa, and also the forest dynamic (Fromard
Fig. 1. The geographical location of Xinying National Wetland Park in Hainan Province, China (A and B) and the six regions of the Laguncularia racemosa plantations.
Regions 1 to 3 were at the landward side of an old salt pan with mature trees. Regions 4 to 6 were along the tidal creek where consisted only seedlings (C). Soil
salinity was increased from regions 1 to 3, whereas it was similar among regions 4 to 6 (D).
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et al., 1998), which proved large tolerances metabolism and wide
growth range to environmental factors. Due to its shade and salinity
tolerance, L. racemosa shows strong adaptability with rapid growth and
high seed setting rates in its natural distributions (Soares et al., 2017).
L. racemosa often acts as a pioneer species in disturbed forest gaps and
newly created bare habitats and forms pure stands (Fromard et al.,
1998; Nevill et al., 2016). Although these characteristics suggest the
invasive potential of this non-native species in China, its invasiveness
status has remained unclear to date.
Examination of plant responses to changing environmental condi-
tions allows us to predict the dispersal habitat. Prediction of mangrove
habitats due to global warming is important for conservation and
management policies of mangroves in China as well as to minimize the
invasion risk of non-native mangrove species (Panetta, 1993; Allen,
1998; Biswas et al., 2007; Liao et al., 2018). Therefore, we used a
prediction model (Kriging method), a type of geo-statistic used in
geology and soil science (Asa et al., 2012), to forecast the seedling
survival patterns in a typical estuary. This method can not only re-
present samples in a certain area but also forecast surrounding habitats
(Royle et al., 1981; Oliver and Webster, 1990; Mcbratney and Webster,
2010). Understanding the combined effects of light and salinity on
seedlings is essential to evaluate the structure and dynamics of man-
grove forests, especially after the introduction of non-native species.
Due to the high invasive potential of this non-native species in China,
we hypothesize that L. racemosa: a) has wide environmental tolerance
under combined effects of salinity and light in both field surveys and a
simulated greenhouse experiment; b) has a wield distribution range in
the habitats of the potential dispersal estuary which was tested using a
predictive model.
2. Materials and methods
2.1. Study site
In this study, we conducted field surveys and a simulated green-
house experiment with factorial combinations of light availability and
salinity. The field survey was conducted in Xinying Mangrove National
Wetland Park (Fig. 1) in Hainan Province, China (19°50′–19°52′N,
109°31′–109°34′E). The area has a subtropical climate with a mean
annual temperature of 23.1 °C and annual precipitation of 1486mm.
The photosynthetic active radiation (PAR) is 1600 μmol m−2 s−1 with
more than 2500 h of illumination each year (Han et al., 2013).
The national park consists of different types of land uses, including
natural mangroves, fish ponds, tidal creeks, villages, terrestrial plants,
and even a salt pan, which is also a good representation of typical
mangrove swamps in China (Fig. 1). The dominant mangrove species
here are Rhizophora apiculata, Rhizophora stylosa, Bruguiera gymnorhiza,
Avicennia marina, Ceriops tagal, and Excoecaria agallocha. The mangrove
restoration site was a flat salt pan, with an area of about 5.5 ha, which
had been used for the salt production from 1958 to 1999, and then it
was converted to fish ponds in 2000. Seedlings of L. racemosa from the
nursery of Dongzhaigang in Hainan Province with an average height of
around 30 cm, were planted in the landward area of the salt pan for a
mangrove afforestation project in May 2011. This area experiences ir-
regular diurnal tides, with an annual mean tidal range less than 3m.
The elevation difference among different locations of the restored salt
pans or fish ponds was small in this area. Therefore, hydroperiods of
different sampling sites were similar. In January 2017, just before this
study, preliminary field observations showed that L. racemosa in-
dividuals have successfully acclimated to the salt pan environment,
with the highest individuals reached about 8m and the shortest ones
were 2m (on average), following a natural gradient in the salt pan
(Fig. 1D).
2.2. Field surveys
Two field surveys on L. racemosa plantations were conducted in
January and July 2017 in the study site. Due to this L. racemosa plan-
tations were artificial, the forest structure was uniform. The density of
L. racemosa mature trees is 1850 inds hm−2. Three regions were se-
lected according to the appearance of mature trees. Triplicate sample
plots (10m×10m each) were randomly set across a salinity gradient
(regions 1 to 3 in Fig. 1D). The height, basal diameter, and density of
the mature trees of L. racemosa were measured. The surface soil
(0–5 cm) in each plot was sampled and taken to the laboratory for ex-
amination. Soil samples were air-dried and grounded to a fine powder,
and analyzed for carbon contents using a Thermo-Electron, 1112 Series
elemental analyzer (Elementar, USA). Soil salinity was determined
using a conductivity meter (Leici, China), as suggested by Pennings and
Richards (1998).
The light intensity under the forest canopy in each plot was mea-
sured by a quantum light sensor (Spectrum Inc., USA). The height and
density of seedlings under the forest canopy in each region were also
monitored using nine subplots (0.5 m×0.5m each). Three additional
regions along the tidal creek without any mature trees but with seed-
lings were also measured by nine subplots (0.5m×0.5m each) in each
region to calculate seedling density, light intensity, and soil salinity
(regions 4 to 6 in Fig. 1D).
2.3. Simulated greenhouse experiment
A simulated greenhouse experiment was carried out at Xiamen
University in Fujian Province of China (24°36′30″N, 118°18′46″E). The
air temperature in the greenhouse ranged from 27 to 34 °C, the average
humidity was 80% and the PAR was about 9000–1600 μmol m−2 s−1
with more than 10 h illumination each day during the experiment. In
March 2017, healthy and relatively uniform seedlings of L. racemosa
with heights of 20–30 cm grown in a nearby nursery were transplanted
to sand-filled big pots (each with a diameter of 20 cm and a depth of
25 cm) which contain two small pots (each with a diameter of 10 cm
and a depth of 20 cm). A total of 25 combinations, including five sali-
nity treatments: 0, 10, 20, 30, and 40 psu, and five light levels: 20, 40,
60, 80, and 100% PAR were set-up using six replicates for each treat-
ment combinations.
The PAR was 1063 ± 26 μmol·m−2·s−1 in the glasshouse. Instant
ocean aquarium salt and tap water were used to prepare different
salinity treatments. To simulate different light intensities, 15 shading
roofs, each with a size of 100 cm×60 cm, were constructed by
mounting different pieces of black-colored nylon cloths with different
mesh sizes on six PVC pipes (each with a diameter of 1.2 cm). Five pots
with different salinity treatments were placed on each roof and ex-
perienced the same light intensity. Tap water was daily added to
compensate for evaporation losses and seawater was renewed weekly to
prevent the accumulation of contaminants because of bacterial and
algal growth.
The number of healthy and dead seedlings was counted, and seed-
ling height and basal diameter were measured at every 10 days during
90 days. The living seedlings were harvested at the end of the experi-
ment and separated into roots and shoots (included leaves). All plant
material was dried at 60 °C for three days and weighed. Difference
between the initial height and height at final harvest represented the
growth during the entire experiment.
At the end of the 90-day experiment, the photosynthetic index of
each seedling was determined as described by Chen and Wang (2017).
In brief, one mature and fully expanded leaf (usually the second pair of
leaves from the highest nodes) was randomly selected from individual
seedling and placed in a 6 cm2 clamp-on leaf cuvette of a portable
photosynthesis system (LI-6400; Li-cor Inc., Lincoln, USA). The cuvette
was maintained at an ambient temperature of 30–33 °C, with a re-
ference CO2 concentration of 390 μmol·mol−1 under a PAR of
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800–1000 μmol·m−2·s−1 (the saturated light intensity) using a red-blue
LED (light-emitting diode) light source.
A and E of each leaf were measured and data from three leaves of
the same treatment were pooled as one replicate and an average value
was obtained. WUE that is the ratio A/E was calculated for each in-
dividual as an index of plant stress (Chen and Wang, 2017).
We also used a Plasticity Index (PIV) as an effect size to quantify and
compare plasticity of measured traits in L. racemosa (Valladares et al.
2000).
=PI Max [(Environment (1, 2)] Min[(Environment (1,
2)] Max[(Environment(1, 2)]
V
2.4. Statistical analyses
Using the data obtained from field surveys, a parametric one-way
analysis of variance (ANOVA) was performed to compare the differ-
ences in height and density of the mature trees, soil salinity, light level,
and soil carbon across the six regions. All data fulfilled the assumptions
of parametric ANOVA and therefore, no data transformation was
needed. The generalized linear models were performed to evaluate the
relationships between environmental parameters (light and soil sali-
nity) and seedling variables (height and density) (Zeng et al., 2008)
using SigmaPlot version 10.0 (Systat Software Inc., CA, USA). More-
over, generalized linear mixed models (GLMM) with the plot as a
random factor were conducted to identify the most important en-
vironmental factor affecting seedling variables. In generalized linear
mixed models, we grouped each plot into high salinity (higher than
20 psu) and low salinity (lower than 20 psu), high light level (higher
than 50% PAR) and low light level (lower than 50% PAR) plots ac-
cording to soil salinity and light levels.
In the greenhouse experiment, the interaction of light and salinity
on the survival, growth, and physiological indexes (e.g., height incre-
ment, basal diameter increment, and Root:Shoot - R:S ratios) of both
dead and alive seedlings were evaluated using a parametric two-way
ANOVA, with light and salinity as fixed factors and pots as a random
factor (within each light and salinity combination). Same analyses were
re-run but only using the individuals that were still alive at the end of
the 90-day experiment. The observed differences between all seedlings
and the healthy ones reflected the effect of environmental conditions on
the plant growth over the experiment duration. If the difference was
significant at P < 0.05, a post-hoc test following Least-Significant
Difference (LSD) was employed to determine treatments responsible for
the difference. All analyses were carried out using SPSS 19.0 (SPSS 19.0
for Windows, USA).
2.5. Kriging model for dispersal prediction
Based on the combined effects of salinity and light on survival
percentages in the greenhouse experiment and two field surveys in this
study, we also used the following formula,
=
=
S SZ( ) Z( )i i0 t 0
N
where Z (Si) is the measurement data (seedlings survival percentages)
at position i; λi is the unknown weight of measurement data (seedlings
survival percentages) at position i; S0 is the target predicted position,
and N is the sample size.
3. Results
3.1. Forest and seedling structure in the field
The soil salinity in the first three regions with mature L. racemosa
plantations significantly decreased from region 1 to 3 (Table 1, Fig. 1).
Similarly, the height and diameter of mature trees also significantly
decreased across three regions with increasing soil salinity (Table 1).
The light level below the canopy significantly decreased with increasing
tree height, indicating that canopy reduced the light transmittance to
the forest floor, restricting the survival of young individuals.
In the mature forest (regions 1–3), there were few L. racemosa in-
dividuals younger than one-year-old, whereas there were many seed-
lings in the three additional regions along the creek (regions 4–6), in-
dicating significant correlations (Fig. 2). The relationship between the
seedling density and height in six regions with light levels was best
explained by the exponential regression model, whereas simple re-
gression was the best model for soil salinity (Fig. 2). GLMM results
further showed that soil salinity and light level had individual effects in
the seedling density, and salinity was more important than light af-
fecting seedling variables. Both environmental factors had combined
effects on the seedling height of L. racemosa (Appendix Table 1).
3.2. Responses of seedlings to light and salinity in a greenhouse experiment
A condition with low light and high salinity was the most harmful
treatment for the survival of L. racemosa seedlings because all seedlings
died within 60 days under 20% PAR and 40 psu of salinity (Fig. 3).
Under the same light level, seedling survival decreased with salinity
and the maximum effect was found at the highest salinity (40 psu)
under all light levels. At the end of the 90-day experiment, the survival
percentage was higher than 80% under 0 psu and 10 psu salinity under
all light levels. Seedlings under the highest salinity treatment (40 psu)
reached the maximum death ratios earlier than under other salinity
treatments under all light levels (Fig. 3).
Survival percentages of seedlings were also affected by the light
levels. Under the same salinity treatment, the survival percentage of
low light (20% and 40% PAR) was less than that of other light levels,
with earlier death of individuals. This early and high death of seedlings
under 20% PAR light was found under all salinity treatments. Under all
light and salinity treatments except for 20% PAR and salinity 40 psu,
the final survival percentages of seedlings never reached the lethal dose
of 50 psu (Fig. 3). We found significant interactions between light and
salinity treatments in the survival percentages of L. racemosa (Appendix
Table 2).
Contrary to survival percentages, seedling height increment was not
affected by the light, salinity, and their interaction according to two-
way ANOVA tests (Fig. 4, Appendix Table 2). However, basal diameter
increment was significantly affected by the light and salinity (Fig. 4,
Appendix Table 2). Under high light levels (100% and 80% PAR), the
base diameter increment was negatively correlated with salinity. Re-
garding the light treatments, seedling growth was the highest under
middle shaded conditions under all five salinity treatments. Moderate
shading and low salinity helped the survival and growth of L. racemosa
seedlings. The results from Kaplan-Meier analysis suggested that the
survival percentages of L. racemosa seedlings under different soli sali-
nity had significant differences only in 80%, and 20% PAR light levels
(Appendix Table 4).
The R:S ratios were only significantly affected by the salinity but not
by the light or their combined effect (Appendix Table 2). Under 100%
PAR light level, seedling R:S ratio under 20 psu salinity treatment was
significantly higher than that under 10, 30, and 40 psu salinity treat-
ments (Fig. 4). The seedling R:S ratio under an intermediate gradient of
salinity was significantly greater than that under low salinity treat-
ments (0% and 10% psu) when the light level was 60% PAR. Under low
light level (20% PAR), seedlings grew under 10 psu salinity expressed a
higher R:S ratio than under 20 and 30 psu treatments.
At the time of the final harvest, the A and E of seedlings in the
salinity treatment less than 20 psu were significantly higher than that in
the other salinities. Moreover, low A and E values were recorded under
higher salinities (30 and 40 psu), independent of light levels (Fig. 5,
Appendix Table 2). We found a significant interaction between the
salinity and light treatments on seedling A and E (Appendix Table 2),
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Table 1
Forest structure and environmental factors in three regions of the planted Laguncularia racemosa in the old salt pan at a tree density of 40 inds·m−2 in Xinying
National Wetland Park (regions 1–3) and along the creek without mature trees but with seedlings (regions 4–6). The means and standard errors of three replicates are
shown.
Forest structure Environmental factors
Region Height (m) Basal diameter (cm) Soil salinity (psu) Light level (% PAR) Soil carbon (%)
1 1.37 ± 0.04c 4.11 ± 0.22c 40.79 ± 0.57 a 90.7 ± 1.9 a 0.60 ± 0.06c
2 1.86 ± 0.04b 9.32 ± 0.46b 18.25 ± 2.06b 21.9 ± 0.4b 2.03 ± 0.26b
3 3.38 ± 0.06 a 11.47 ± 0.60 a 9.86 ± 0.58c 14.9 ± 0.8c 3.62+ 0.17 a
4 ND ND 8.83 ± 0.32c 100 ± 0.0 a 0.9 ± 0.26 bc
5 ND ND 9.77 ± 0.53c 100 ± 0.0 a 1.27 ± 0.08 bc
6 ND ND 8.35 ± 0.24c 100 ± 0.0 a 1.34 ± 0.31 bc
*100% PAR equals to 1063 ± 26 μmol·m−2·s−1. ND means no data. In each parameter, different letters in the superscript position indicate significant differences
among the six regions at P < 0.05 level according to Least-Significant Difference (LSD) test results.
Fig. 2. Relationships between seedling density and environmental factors: light (A), soil salinity (B), height and light (C), and soil salinity (D) in six regions of
Laguncularia racemosa plantations in Xinying National Wetland Park in Hainan Province, China.
Fig. 3. Survival percentages of Laguncularia racemosa seedlings grown under five light levels (100%, 80%, 60%, 40%, and 20% PAR) and five salinity treatments (0,
10, 20, 30, and 40 psu) during the 90-day greenhouse experiment.
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suggesting that the salinity effect depended on the light intensity and
vice versa. On the contrary, the interaction between the light and sali-
nity on WUE was not significant and WUE increased with salinity
(Fig. 5, Appendix Table 2).
We calculated plasticity index (PIv) values for survival, perfor-
mance, and photosynthetic traits across stress gradients (sali-
nity+ light) which can be important to predict the invasive potential of
L. racemosa (Appendix Fig. 1). Compared to favorable conditions (10
psu+100% PAR), as stress intensity increased for seedlings, different
trait groups indicated diverse trends. Phenotypic plasticity in survival
(survival percentage) and performance (height increment, basal dia-
meter increment, and R:S ratio) were slightly higher as stress level in-
creased. However, overall plasticity across stress levels was higher in
photosynthetic traits (A, E, and WUE).
According to the prediction of the Kriging model, the estuary up-
stream with low salinity would be the most beneficial zone for L. ra-
cemosa seedlings. Plants could also survive and grow in the area close to
the estuary mouth owing to good salt tolerance (Fig. 6).
4. Discussion
4.1. The tolerance to salinity and light
In our field survey, L. racemosa seedlings survived in both high
salinity regions (40.79 ± 0.57 psu) and low light regions
(14.9 ± 0.8% PAR), suggesting the high salinity tolerance and wide
light adaptation range in this non-native species. In addition, light and
salinity had significant combined effects on seedling survival rates and
photosynthetic indexes (A & E) in the greenhouse experiment. Although
E was reduced by salinity, it can be improved by appropriately reducing
the light level under the high salinity treatment. This result may be due
to the fact that plants under salt stress firstly avoid excessive loss of
water by transpiration before they reduce the assimilation rate (Parida
and Das, 2005; Parihar et al., 2015). Although we found insignificant
combined effects on the morphological traits (e.g., height increment,
base diameter, and R:S ratio) (Appendix Table 2), we found the results
using L. racemosa seedlings which survived and grew well at low-to-
medium salinity, regardless of light level but performed poorly at high
salinity.
Salinity is a major environmental factor limiting plant growth and
productivity of mangrove species (Wang et al., 2011; Siddique et al.,
2017). Jiménez and Soto (1985) found that L. racemosa had a wide
range of salinity tolerance, while the optimum salinity ranged from 15
to 20 psu. In the present study, salinity had a stronger influence on both
seedling density and height than light levels (Appendix Table 1), and it
also gradually decreased seedling survival percentages in the green-
house (Fig. 3). Similar to the results of Kodikara et al. (2018), the
survival percentage of L. racemosa seedlings under high salinity (40
psu) decreased with the experiment duration.
Mangroves often exhibit a reduction in carbon assimilation under
high soil salinity (Reef and Lovelock, 2015). Generally, the biomass of
mangroves decreased with increasing environmental salinity (Suárez
and Medina, 2005; Ball, 2002). Seedling WUE was found to be in-
creasing to adapt to high salinity environments (30 psu), while the
higher salinity (40 psu) inhibited WUE in seedlings (Lin, 2009). In the
present study, leaf A of L. racemosa seedlings was limited by high
salinity, independent of the light levels (Fig. 5), while WUE increased
under saline conditions to maintain a certain amount of water and
Fig. 4. R:S ratios, increments of the height and basal diameter of Laguncularia racemosa seedlings grown under five light levels (100%, 80%, 60%, 40%, and 20%
PAR) and five salinity treatments (0, 10, 20, 30, and 40 psu) at the end of 90-day greenhouse experiment. The averages and standard errors of three replicates are
shown. ND means no data because all seedlings were dead. In each light treatment and each response, different letters indicate significant differences among salinity
according to Least-Significant Difference (LSD) tests at P < 0.05.
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prevent excessive evaporation and transpiration, suggesting a water-
saving strategy with high salt tolerance.
Across our stress levels, L. racemosa seedlings expressed higher
phenotypic plasticity in photosynthetic traits (A, E, and WUE) on
average which can be an adaptive response to maintain performance
across different environmental conditions (Richards et al., 2006)
(Appendix Fig. 1). Although mean index values were similar across
different trait groups, plasticity values in R:S ratios were greater than
Fig. 5. Net photosynthetic rate (A), transpiration rate (E) and water use efficiency (WUE) of Laguncularia racemosa seedlings grown under five light levels (100%,
80%, 60%, 40% and 20% PAR) and five salinity treatments (0, 10, 20, 30 and 40 psu) at the end of 90-days greenhouse experiment. The averages and standard errors
of three replicates are shown. ND means no data because all seedlings were dead. In each light treatment and each response, different letters indicate significant
differences among salinity according to Least-Significant Difference (LSD) tests at P < 0.05.
Fig. 6. Kriging method was used to predict the
dispersal habitat of L. racemosa seedlings in the es-
tuary area using the greenhouse data on survival
rates for L. racemosa seedlings grown under dif-
ferent light and salinity treatments. The size of the
tree indicates the height of the mature tree and the
tree transparency indicates the possibility of sur-
vival. The red and blue zones indicate the highest
and lowest percentages for seedling survival, re-
spectively. (For interpretation of the references to
colour in this figure legend, the reader is referred to
the web version of this article.)
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other traits within performance traits. Similarly, phenotypic plasticity
in A that is sensitive to salinity and light was also high compared to
other photosynthetic traits. Trait plasticity can affect the environmental
tolerance of this non-native mangrove species and therefore, its in-
vasive potential in China.
4.2. Strategies contributing to the successful establishment
Consistent with Ball (1988b), most mangrove species can use water
wisely and keep high A, adapting to regions with high salinity and
water shortage. Compared to other mangrove species in previous field
studies, L. racemosa can better adapt to the high salinity stress by
maintaining a higher A (Appendix Table 3) and suspected to highWUE.
Soares et al. (2015) reported that L. racemosa expressed higher A than
most mangrove species at an optimum salinity. Besides, L. racemosa can
still maintain high A (14.1 μmol·m2·s−1) at high salinity (32 psu). Based
on our field and greenhouse evidence, we proved that the L. racemosa
can tolerate high salinity and low light levels. These findings also ex-
plain why the seedlings can be found on the forest floor of the mature L.
racemosa trees. These strategies can help mangroves to mitigate the
effects of environmental stresses, such as high salinity, water shortage,
flooding, and excessive sunlight.
L. racemosa in China seems to have maintained a wider ecological
niche compared to its performance in native habitats (Soares et al.,
2015). It can also be deduced from the current results that wider the-
oretical growth curves of L. racemosa under increases in both salinity
and light in China compared to that in America (Fig. 7A). One possi-
bility for a wider ecological niche is that Soares et al. (2015) reported
results from mature trees, while our experiment measurement focused
on seedlings stages. Another possibility is that L. racemosa showed good
adaptability in the new environment without the restrictions of natural
enemies in China. However, we still need further evidence to prove that
L. racemosa may maintain similar high assimilation rates after long-
term adaptation. Due to the low elevation difference in our field sites,
the hydroperiod of each plot was almost the same. Thus, this non-native
species of mangroves was majorly restricted by salinity and light, while
still showed a strong invasion potential owing to high survival and
growth rates. Moreover, competitive dominance in the mild stress of L.
racemosa can be strongly reduced due to salinity and hydroperiod
stresses (Cardona-Olarte et al., 2006). Thus, further studies are still
needed to demonstrate the competitive potential of L. racemosa in
complex terrains.
After arriving in a novel habitat, a species with a large native range
is more likely to be naturalized than the one with a smaller native
geographic range (Shah et al., 2012). This may due to the ability to
express greater environmental tolerance (Pemberton and Liu, 2009),
and adaptive phenotypic plasticity which increases the environmental
tolerance (Richards et al., 2006; Hulme, 2008; Wan et al., 2016; Wan
et al., 2018). According to Ball (1988a), with schematic diagram of the
ecological and physiological responses of some hypothetical mangrove
species to variation in salinity, three distribution lines of common na-
tive mangrove species in China, Sonneratia, Kandelia and Avicennia,
along a natural salinity and light gradients are shown as species 1–3
(Fig. 7B) based on the data from Wang and Wang (2007). Each species
dominates a certain range of salinity and light. As a non-native man-
grove species, L. racemosa occupies a wider niche with a faster growth
rate than the native species as shown in Fig. 7C (e.g., Zhong et al.,
2011). Therefore, it is reasonable to assume that, once freed from dis-
persal limitations by human activities, L. racemosa can survive quite
well and possibly out-compete the native mangrove species even in
habitats with high salinity in China.
4.3. Potential dispersal zone in the field
Similar to the biological invasion cases after the introduction of
non-native mangroves, the examples of Rhizospra stylosa invasion in
Hawaii (Allen, 1998) and Bruguiera gymnorrhiza invasion in South
Florida (Fourqurean et al., 2010) show that that newly introduced
mangrove species can occupy novel habitats by holding wider niche
and following a sapiential survival strategy. L. racemosa seedlings can
maintain high A with rapid growth under optimal salinity for native
mangroves species and even adapt to the high salinity by maintaining a
higher A and WUE. If left without good management, L. racemosa has
the potential to invade native mangrove habitats in China and become a
problem for existing ecological balance.
Based on our prediction model (Fig. 6), the survival rate of man-
grove seedlings responding to salinity might increase with increasing
distances from the upstream in a typical estuary with freshwater input
from the river (Soares et al., 2017). Moreover, the growth and phy-
siological responses to salinity gradients would ultimately affect the
range and abundance of mangrove species (Ball, 1988b; Ball and
Pidsley, 1995; Krauss and Ball, 2013; Barik et al., 2018). Simulta-
neously, light illumination under the canopy in the present old salt pan
was reduced when trees became taller and mature (Table 1). Therefore,
the distribution and abundance of plants would be depressed by both
salinity and light stresses.
Tidal currents could possibly disperse L. racemosa offsprings to the
Fig 7. Schematic diagram of the ecological and physiological responses of some
hypothetical mangrove species to variation in salinity (Ball, 1988a). (A) The-
oretical growth curves under increases in both salinity and light for L. racemosa
in China and L. racemosa in America (Soares et al. 2015). (B) The distribution of
three native species (1, 2, 3) and one non-native species (4) in China along a
natural salinity and light gradient. (C) The physiological responses of the same
species to the salinity and light gradient. Native species 1 is dominant in sali-
nities optimal for its growth, whereas non-native species 4 (L. racemosa) is
dominant in salinities which limit the growth of native species.
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downstream or river mouth with high salinity. The open area with high
salinity or those under-canopy regions would be the hotspots to manage
the dispersal of this salt-tolerated species. When the offspring disperse
to those non-vegetated areas, the light would be not a limiting factor
and salt effect should be mainly considered in the invasion forecast.
Our field surveys also showed that mature L. racemosa plantations
reached 1.4 m height in region 1 with the highest salinity of 40 psu
without any seedlings under-canopy. Increasing afforestation density of
the native mangrove could be an effective option to control L. racemosa
invasion. The present field surveys and the greenhouse experiment also
showed that low light levels (especially lower than 20% PAR) under a
dense canopy with high salinity (more than 40 psu) greatly limited the
survival of L. racemosa. Besides, if L. racemosa has spread in exposed
locations with full sunlight, salinity would be the driving factor for the
seedling survival. In future mangrove forests management, we could
focus on monitoring the growth of L. racemosa seedlings according to
the results of the prediction model, especially in the possible invasive
regions. Furthermore, the complexity of environmental factors, such as
salinity, light, tidal inundation, and their combined effects on the dif-
ferent growth stages of plants should also be considered in future
mangrove afforestation plans.
5. Conclusion
The present field surveys and greenhouse experiment demonstrated
that L. racemosa could survive in areas with high salinity, such as in a
salt pan. Although both light and salinity treatments caused significant
effects on the survival, salinity was the major factor affecting the early
growth and physiological responses of L. racemosa seedlings. Moderate
shading and low salinity helped seedlings to survive and grow, whereas
high salinity limited their leaf photosynthesis, independent of the light
levels. L. racemosa seedlings maintained a high WUE and developed a
water-saving strategy under salinity stress for better adaptation to se-
vere salt conditions. Moreover, high plasticity in photosynthetic traits
can allow this species to increase its environmental tolerance. The
possibility of L. racemosa out-competing the native mangrove species
cannot be ignored, especially in areas with high salinity, and its spread
must be closely monitored in mangrove afforestation/reforestation
plans in China.
Acknowledgments
The authors are thankful to Q. Lin, L. Xu, Q. Huang, Q. Wu, and A.
Bergman for their help with greenhouse experiment, and L. Luo and S.
Wu for their assistance in the field survey. This project was jointly
supported by the National Natural Science Foundation of China
(#31770579 and #41476071) and the National Key Research and
Development Program of China (2017YFC0506103), the Fundamental
Research Funds for the Central Universities of China (20720180118),
the Key Laboratory of the Coastal and Wetland Ecosystems
(WELRI201601) and the State Key Laboratory of Marine Environmental
Science (MELRI1603).
Appendix
Appendix Fig. 1 and Appendix Tables 1–4
Appendix Fig. 1. Mean phenotypic plasticity index (PIv) values across stress gradients. Low and high stress levels indicate 30 psu+80%PAR and 40 psu+40%
PAR, respectively. Same letters indicate non-significant differences among stress levels according to Least-Significant Difference (LSD) tests at P < 0.05.
Appendix Table 1
Generalized linear mixed models showing the relationships between seedling variables (density and height) and environmental factors (soil salinity and light
level).
Dependent variable Variables df F P
Seedling density Soil salinity 64 27.68 < 0.0001
Light 64 8.04 0.0061
Soil salinity * Light 64 20.49 < 0.0001
Seedling height Soil salinity 64 24.67 < 0.0001
Light 64 4.43 0.0392
Soil salinity * Light 64 15.41 0.0002
* F and df mean F-value and degrees of freedom, respectively. P means significant degree.
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